ABSTRACT
INTRODUCTION
Oxide dispersion strengthened (ODS) ferritic steel has been selected as a candidate material for long-life cladding tubes and core structures for future fission nuclear reactor (Gen IV) especially for supercritical-water-cooled reactor (SCWR) and sodium-cooled fast reactor (SFR) (Gelles 1996; Kim et al. 2016; NEA 2014 ). This iron-based ODS steel containing nano-scale oxide particles usually Y 2 O 3 were first introduced and prepared by using mechanical alloying methods (Fischer 1978) . This kind of material shows remarkable tensile and creep properties (Alinger et al. 2002; Hayashi et al. 2008; Klueh et al. 2002; Ukai et al. 2002 Ukai et al. , 1993 , possess higher radiation-induced swelling resistant McClintock et al. 2009; Miller & Zhang 2011) and high thermal stability (Boulnat et al. 2013; Ukai et al. 2002) due to the presence of nano-scale oxide particles within the steel matrix (Hoeltzer et al. 2007; Miao et al. 2008; Susila et al. 2011 ).
These Y 2 O 3 nanoparticles are highly stable at processing and operating temperature due to the negative heat of formation as well as high melting point which is 2425°C (Zakine et al. 1996) . In addition, the nano-size Y 2 O 3 particles could act as 'filters' to trap helium atoms and its point defects, thus retarding the radiation-induced materials degradation and radiation swelling McClintock et al. 2009; Miller & Zhang 2011) . As this material contains nano-scale oxide strengthening particles or dispersoids which is Y 2 O 3 , the thermal stability as well as the operating temperature in future fission nuclear reactor could be increases up to 700°C (NEA 2014). Nano-scale Y 2 O 3 particles with size between 10-20 nm and volume fraction of 0.2-0.5 wt. % were usually added according to the published literatures on ODS ferritic steels.
The use of micron-size and nano-size of Y 2 O 3 particles with volume fraction between 0.2-0.5 wt. % has been already studied for ODS ferritic steel regarding their microstructural characteristics and changes, creep behavior, tensile strength and resistant to radiationinduced swelling. However, the hardness behavior of high Y 2 O 3 -ODS ferritic steels at various elevated temperature are never been reported. It is worth to understand the hardness behavior of this material at high temperature as it presents the mechanical properties and it will surely affected following the operating temperature. One way to understand the mechanism of thermal stability and hardness of this kind of material is by thermal exposure treatment which is annealing at various high temperatures. The use of high Y 2 O 3 content which is more than usual for the sample in this present study was to examine the formation of dispersoids as well as to identify the hardness at high temperature. Thus, the purpose of this present study was to investigate the effect of annealing at various elevated temperatures to the hardness of high Y 2 O 3 -ODS ferritic steel.
MATERIALS AND METHODS
High purity elemental powders of iron (Fe), chromium (Cr) and yttria (Y2O3) were weighed separately in a glove box filled with pure argon atmosphere and mixed according to the compositions as in Table 1. The mixed powder was then sealed in a planetary ball mill Pulverisette 7 milling jar and the mechanical milling process was carried out at 350 rpm for 15 h. The ball-to-powder weight ratio (BPR) is 5:1. After mechanical milling process, the milled steel powder were compacted into green body (bulk shape) via die compaction method with 250 MPa pressure and then followed by Cold Isostatic Pressing (CIP) method with 300 MPa pressure as a secondary operation. Further process was sintering the ODS ferritic steel green bodies at temperature of 1100°C for 1 h in a tube furnace filled with argon gas and the samples were allowed to cool inside.
The crystal structure and morphology of ODS ferritic steel samples were analyzed by using X-ray Diffraction (XRD) (Bruker D8 Advance) and characterized by field emission scanning electron microscope (FESEM) (Carl Zeiss Merlin), respectively. The samples were then annealed at temperature of 600°C, 800°C and 1000°C for 5 h in a tube furnace filled with argon gas prior to the hardness test. The annealed samples were then polished by using 180 grit SiC abrasive papers to remove the external parts until the desired shining surface. The hardness measurement of polished samples was carried out by using a micro-Vickers hardness tester EW422-DAT testing system with a load of 200 gf.
RESULTS AND DISCUSSION
The crystal structure of 1Y and 5Y ODS ferritic steel samples obtained from XRD measurement is illustrated in Figure 1 . The morphology of 1Y and 5Y ODS ferritic steel samples characterized by FESEM is illustrated in Figure 2 (a) and 2(b), respectively. FESEM characterization was utilized to examine the morphology as well as the dispersion and incorporation state of dispersoids within both samples matrix. The precipitates size of dispersoids within both samples matrix measured from SmartTiff software of FESEM is illustrated in Figure 3 (a) and 3(b), respectively.
Vickers hardness value (HV0,2) versus annealing temperature at 600°C, 800°C and 1000°C, respectively, FIGURE 1. Crystal structure of 1Y and 5Y ODS ferritic steel samples for both samples (1Y and 5Y) is presented in a graph as shown in Figure 4 . The hardness of samples reported in this present study demonstrates the behavior and ability of this kind of material to resist plastic deformation at various high temperatures. As the ODS ferritic steels possess remarkable mechanical properties such as high tensile and creep strength as reported in the published literatures, this material surely possess extremely hard surface and strength. Thus, micro-Vickers hardness test is the standard method to measure the hardness of this material compared to other hardness measurement method such as Rockwell and Brinell.
CRYSTAL STRUCTURE AND MORPHOLOGY OF SAMPLES
The crystal structure or XRD patterns of 1Y and 5Y ODS ferritic steel samples obtained in this present study are similar to each other and consist of sharp peaks which is consistent with their finishing processing condition after consolidation (compaction and sintering). In comparison with JCPDS data card (PDF 01-081-9987), the main diffraction peaks of both samples can be well indexed to iron (Fe) and chromium (Cr) which confirmed the complete solution of Cr into Fe lattice after 15 h milling time. Also, there is a peak of Y 2 O 3 which is the result of their dispersion and incorporation within the sample matrix as Figure  2 (a) and 2(b), respectively. These formations indicate the dispersion and incorporation state of oxide (nano scale Y 2 O 3 particles) within the samples BCC matrix. Basically, the formation of these dispersoids within the sample matrix is influenced by the solubility equilibrium of O element in the matrix. In other words, the formation of dispersoids in ODS ferritic steel matrix is triggered by the oxidation reaction resulted from the energy change as reported by Williams et al. (2013) . FESEM image of 1Y (Fe-12Cr-1Y 2 O 3 ) shows the formations of dispersoids within the sample matrix with the precipitates size between 9 and 30 nm as illustrated in Figure 3 (a). Whereas 5Y (Fe12Cr-5Y 2 O 3 ) sample exhibit larger precipitates size of dispersoids which is between 10 and 90 nm compared to 1Y sample. Non-uniform precipitates size exhibited by both samples is due to the formation of dispersoids nanoclusters with the size larger than 30 nm within their matrix.
HARDNESS (HV0,2) OF ODS FERRITIC STEEL SAMPLES
The plot clearly shows that Vickers hardness value (HV0,2) of two ODS ferritic steel samples (1Y and 5Y) decrease as the annealing temperature increase. 1Y (Fe12Cr-1Y 2 O 3 ) sample possess highest hardness value at all annealing temperature followed by 5Y (Fe-12Cr-5Y 2 O 3 ) which is consistent with their morphologies differences. The hardness value of both samples is very high at room temperature (before annealing) which is 1045 HV0,2 for 1Y sample and 1012 HV0,2 for 5Y sample respectively. As the annealing temperature increase up to 600°C, the hardness of both samples started to decrease slightly which is near the limit for this kind of material due to grain growth. At temperature of 600°C, the hardness of 1Y and 5Y identified is about 855 HV0,2 and 808 HV0,2, respectively. Once dispersed within samples matrix, the strengthening dispersoids will exert the pinning pressure known as Zener pinning to prevent grain growth at very high temperature. When the samples is annealed or exposed to high temperature, the energy in their lattice structure increases and forces the grain to growth and enlarges as reported by Pei 2013. When the annealing temperature increases up to 800°C and 1000°C, the hardness of both samples decreases rapidly down in the range of 700 HV0,2 to 200 HV0,2. The hardness of 1Y and 5Y samples identified at 1000°C is 280 HV0,2 and 217 HV0,2, respectively. At this annealing temperature, the strengthening dispersoids within both samples matrix exhibit coarsening as it exposed to very high temperature. This phenomenon known as Ostwald-ripening which has been triggered by the chemical potential differences related to the energy in lattice structure that will increase once it exposed to very high temperature (Williams et al. 2013) .
Direct comparison with the hardness behavior of other ODS ferritic steel samples is not possible since the same amount of Y 2 O 3 nanoparticles dispersed and indenter load were not available in the published literatures. Nevertheless, it is worth to remark that the hardness behavior of ODS ferritic steel is influenced by the annealing temperature as reported by Saber et al. (2014) . The hardness behavior of ODS ferritic steel samples (1Y and 5Y) identified in this present study is consistent with the one reported by Saber et al. (2014) , which stated that the hardness of this kind of material decreased as the annealing temperature increase due to grain growth and coarsening of dispersoids. In this present study, it is also worth to remark that the hardness of ODS ferritic steel does not influenced by the amount of Y 2 O 3 nanoparticles added and dispersed within its matrix. 1Y sample which contain 1 wt. % of Y 2 O 3 nanoparticles possess high hardness compared to 5Y sample which contain 5 wt. % of Y 2 O 3 nanoparticles as shown in this study. Lower amount of Y 2 O 3 nanoparticles is recognized to generate more fine and uniform dispersoids as well as high hardness.
From the hardness behavior observed in the Vickers hardness value (HV0,2) versus annealing temperature graph as in Figure 4 , it is clear that both ODS ferritic steel samples in this present study approaches the thermal stability up to annealing temperature of 600°C and high hardness value up to annealing temperature of 800°C. With the uniform and ultra-fine incorporation of dispersoids within this material matrix, the thermal stability of this material could be enhanced up to 700°C and the hardness at various elevated temperature could be increased. This is because the performance of ODS ferritic steel at high temperature is recognized to depend on the dispersion state of oxides and its size as well.
CONCLUSION
In this present study, the effect of annealing to the hardness of high Y 2 O 3 -ODS ferritic steels has been investigated. XRD analysis showed the crystal structure of the samples which confirms the complete solution of Cr into Fe lattice and also the dispersion of Y 2 O 3 nanoparticles. FESEM characterization demonstrated the morphology of the samples which indicates the dispersion and incorporation state of dispersoids within the samples matrix. Vickers hardness test with a load of 200 gf has identified the hardness value of both samples as a function of annealing temperature. Vickers hardness value (HV0,2) versus annealing temperature graph showed the hardness behavior of the samples at various high temperature which is started to decrease at temperature of 600°C due to grain growth. The hardness value of both samples (1Y and 5Y) identified at this annealing temperature (600°C) is 855 HV0,2 and 808 HV0,2, respectively.
